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(57) ABSTRACT

A method for the manufacture of a polymer is provided, the
method comprising: Providing a first monomer, the first
monomer comprising a bicyclic diamine moiety, a first
nucleophilic group provided on a carbon atom of an aromatic
moiety, and a second nucleophilic group provided on a carbon
atom of an aromatic moiety; Providing a bridging compound
comprising at least two sites vulnerable to nucleophilic
attack; and Contacting the first monomer with the bridging
compound. Polymers made by said method and uses of such
polymers are also disclosed.
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POLYMERS, THEIR METHOD OF
MANUFACTURE AND USE THEREOF

This application is the United States national phase filing
of the corresponding international application number PCT/
GB2011/051704, filed on Sep. 12, 2011, which claims prior-
ity to and benefit of GB Application No. 1015401.1, filed Sep.
15, 2010, which applications are hereby incorporated by ref-
erence in their entirety.

The present invention relates to polymers comprising bicy-
clic diamine groups or quaternary ammonium ions derived
therefrom, their method of manufacture and use thereof.

Polymers comprising bicyclic diamine moieties are known
(for example, see “Troger’s base-functionalised organic nan-
oporous polymer for heterogeneous catalysis”, Xin Du et al.,
Chem. Commun., 2010, vol. 46, 970-972).

The present invention provides alternative polymers to
those known polymers and provides alternative ways of mak-
ing bicyclic diamine polymers.

In accordance with a first aspect of the present invention,
there is provided a method for the manufacture of a polymer,
the method comprising:

Providing a first monomer, the first monomer comprising a
bicyclic diamine moiety, a first nucleophilic group provided
on a carbon atom of an aromatic moiety, and a second nucleo-
philic group provided on a carbon atom of an aromatic moi-
ety;

Providing a bridging compound comprising at least two
sites vulnerable to nucleophilic attack; and

Contacting the first monomer with the bridging compound.

The method of the first aspect of the invention provides a
convenient and effective method for making polymers com-
prising bicyclic diamine groups.

The first monomer may be provided with no further nucleo-
philic groups capable of forming bonds with the sites of the
bridging compounds which are vulnerable to nucleophilic
attack. If this is the case, it is preferred that the bridging
compound comprises only two sites vulnerable to nucleo-
philic attack by the first and second nucleophilic groups pro-
vided on the first monomer. Such a method is suitable for
forming non-network polymers. Those skilled in the art will
realise that the first monomer may comprise more than two
nucleophilic groups, but that only two of those nucleophilic
groups are capable of forming bonds bridging compound
under the reaction conditions used. Likewise, those skilled in
the art will realise that the bridging compound may comprise
more than two sites vulnerable to nucleophilic attack, but that
only two sites are vulnerable to attack by the nucleophilic
groups of the first monomer under the reaction conditions
used.

The first monomer may be provided with a third nucleo-
philic group provided on a carbon atom of an aromatic moi-
ety. The first monomer may be provided with a fourth nucleo-
philic group provided on a carbon atom of an aromatic
moiety. It is preferred that the first and third nucleophilic
groups are provided on the same aromatic moiety, and pref-
erably on adjacent carbon atoms of the same aromatic moiety.
It is further preferred that the second and fourth nucleophilic
groups are provided on the same aromatic moiety and pref-
erably on adjacent carbon atoms of the same aromatic moiety.

If'the first monomer is provided with first, second, third and
fourth nucleophilic groups, then the bridging compound may
comprise at least four sites vulnerable to nucleophilic attack.

Those skilled in the art will realise that each site which is
vulnerable to nucleophilic attack is preferably capable of
forming one (and only one) covalent bond with a nucleophilic
group. Those skilled in the art will also realise, however, that
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each site which is vulnerable to nucleophilic attack may be
capable of forming two covalent bonds, one bond with each of
two nucleophilic groups. Those skilled in the art will realise
that the method of the present invention is applicable to bridg-
ing compounds comprising one site which is vulnerable to
nucleophilic attack, if that one site is capable of forming two
covalent bonds, one bond with each of two nucleophilic
groups.

One or more (and preferably more than one and further
preferably each) of the sites vulnerable to nucleophilic attack
are atoms (preferably carbon atoms) that form part of an
aromatic moiety or are atoms (preferably carbon atoms)
which are attached directly to an aromatic moiety by a single
covalent bond. The word “directly” indicates that there are no
atoms between the atom (preferably carbon atom) vulnerable
to nucleophilic attack and the aromatic moiety. For example,
one site vulnerable to nucleophilic attack may be a carbon
atom that forms part of an aromatic moiety and one site
vulnerable to nucleophilic attack may be a carbon atom
directly attached to an aromatic moiety.

The first, second, (and third and fourth, if present) nucleo-
philic groups may be the same or different and may comprise
any suitable nucleophilic group. Preferred nucleophilic
groups include—OH, —SH and —NH,, or their deprotonated
forms.

The first nucleophilic group may be attached to a carbon
atom of an aromatic six membered carbon ring. The six mem-
bered carbon ring may be provided with substituents other
than the first nucleophilic group. If the first monomer com-
prises a third nucleophilic group, then the third nucleophilic
group may be provided on the same aromatic six membered
carbon ring as the first nucleophilic group. The first and third
nucleophilic groups may be attached to adjacent carbon
atoms. It is further preferred that the aromatic six membered
carbon ring forms part of the structure of the bicyclic diamine
moiety.

The second nucleophilic group may be attached to a carbon
atom of an aromatic six membered carbon ring. The six mem-
bered carbon ring may be provided with substituents other
than the second nucleophilic group. If the first monomer
comprises a fourth nucleophilic group, then the fourth
nucleophilic group may be provided on the same aromatic six
membered carbon ring as the second nucleophilic group. The
second and fourth nucleophilic groups may be attached to
adjacent carbon atoms. It is further preferred that the aromatic
six membered carbon ring forms part of the structure of the
bicyclic diamine moiety.

The bicyclic diamine moiety may comprise a nine mem-
bered bicyclic structure i.e. nine atoms form the bicyclic
structure (this does not include any atoms which are bonded
to the ring structure, but do not form part of the ring).

The first monomer may comprise the moiety shown below:

Structure 1
N,

b

N

Or its stereoisomer,

Which may be substituted or unsubstituted.

In practice, a mixture of stereoisomers is likely to be con-
tacted with the bridging compound.
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The moiety preferably comprises the first and second
nucleophilic groups (and the third and fourth nucleophilic
groups, if present).

The first nucleophilic group may be provided on one of the
aromatic moieties of Structure 1 and the second nucleophilic
group may be provided on the other of the aromatic moieties
of Structure 1.

If the moiety comprises third and fourth nucleophilic
groups, the first monomer may comprise the structure shown
below:

. ) ) \/\Nu Structure 2

Or its stereoisomer,

Which may be substituted or unsubstituted, wherein Nu is
a nucleophilic group, wherein each of the Nu groups may be
the same or different.

As indicated above, in practice, a mixture of stereoisomers
is likely to be contacted with the bridging compound.

The first monomer may comprise the structure shown
below:

Structure 3
Nu

b

N Nu
Nu

Or its stereoisomer,

Which may be substituted or unsubstituted, wherein Nu is
a Nucleophilic group, wherein each of the Nu groups may be
the same or different.

Once again, in practice, a mixture of stercoisomers is likely
to be contacted with the bridging compound.

For the avoidance of doubt, it is hereby stated that the first
monomer may be provided with more than four nucleophilic
groups. This is particularly desirable when making a net-
worked polymer. In this case, it may be preferable that the
bridging group is provided with more than four sites vulner-
able to nucleophilic attack.

One or more leaving groups may be attached to one or more
of the sites vulnerable to nucleophilic attack. Each leaving
group may be the same or different and may comprise any
suitable leaving group. Preferred leaving groups include halo
(for example, —F, —CI, —Br and —1I), tosylate, —NH,,
—OH, triflate, —OPh and the anhydride of an aromatic o-di-
carboxylic acid.

The first and second sites vulnerable to nucleophilic attack
may be provided by the same aromatic moiety or by carbon
atoms, each of which is directly attached by a single covalent
bond to the same aromatic moiety. The aromatic moiety may
comprise an aromatic six membered carbon ring moiety,
which may optionally be further substituted or may or may
form part of a larger aromatic ring system (for example, the
six membered carbon ring moiety may be part of a phthalo-
cyanine or anthracence moiety).

The first and second sites vulnerable to nucleophilic attack
may be provided by different aromatic moieties (i.e. the first
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site is provided by a carbon atom of a first aromatic moiety
and the second site is provided by a carbon atom of a second
aromatic moiety, the second aromatic moiety not being the
first aromatic moiety) or by carbon atoms directly attached
(i.e. by a single covalent bond) to different aromatic moieties
(for example, the first site may be provided by a carbon atom
directly attached by a single covalent bond to a first aromatic
moiety and the second site may be provided by a carbon atom
directly attached by a single covalent bond to a second aro-
matic moiety, the second aromatic moiety not being the first
aromatic moeity). It is preferred that the first aromatic moiety
and the second aromatic moiety referred to above are aro-
matic six membered carbon ring moieties, either or both of
which may optionally be further substituted or may or may
form part of a larger aromatic ring system (for example, the
six membered carbon ring moiety may be part of a phthalo-
cyanine or anthracence moiety).

If the first monomer comprises third and fourth sites vul-
nerable to nucleophilic attack, then it is preferred that the first
and third sites are provided by the same aromatic moiety. If
the first monomer comprises third and fourth sites vulnerably
to nucleophilic attack, then it is preferred that the second and
fourth sites are provided by the same aromatic moiety, but that
this aromatic moiety is different from the aromatic moiety
provided with the first and third sites.

The third and fourth sites vulnerable to nucleophilic attack
may be provided by carbon atoms, each of which is attached
directly by a single covalent bond to different aromatic six
membered carbon ring moieties, either or both of which may
optionally be further substituted or may form part of a larger
aromatic ring system (for example, the six membered carbon
ring moiety may be part of a phthalocyanine or anthracence
moiety).

The first and third sites may be provided by adjacent carbon
atoms of an aromatic moiety.

The first and third sites may be provided by an aromatic six
membered carbon ring moiety (preferably by adjacent atoms
of an aromatic six membered ring moiety), which may
optionally be further substituted or may or may form partofa
larger aromatic ring system (for example, the six membered
carbon ring moiety may be part of a phthalocyanine or anthra-
cence moiety).

The first and third sites vulnerable to nucleophilic attack
may be provided by carbon atoms, each of which is attached
directly by a single covalent bond to an aromatic six mem-
bered carbon ring moiety, (preferably attached to adjacent
atoms of an aromatic six membered ring moiety), either or
both of which may optionally be further substituted or may
form part of a larger aromatic ring system (for example, the
six membered carbon ring moiety may be part of a phthalo-
cyanine or anthracence moiety). The first and third sites may
be provided by carbon atoms attached to the same or different
aromatic moieties.

The second and fourth sites vulnerable to nucleophilic
attack may be provided by adjacent carbon atoms of an aro-
matic moiety.

The second and fourth sites vulnerable to nucleophilic
attack may be provided by an aromatic six membered carbon
ring moiety (preferably by adjacent atoms of an aromatic six
membered ring moiety), which may optionally be further
substituted or may or may form part of a larger aromatic ring
system (for example, the six membered carbon ring moiety
may be part of a phthalocyanine or anthracence moiety).

The second and fourth sites vulnerable to nucleophilic
attack may be provided by carbon atoms, each of which is
attached directly by a single covalent bond to an aromatic six
membered carbon ring moiety, (preferably attached to adja-
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cent atoms of an aromatic six membered ring moiety). Said
aromatic six membered carbon ring moiety or moieties may
optionally be further substituted or may or may form part of a
larger aromatic ring system (for example, the six membered
carbon ring moiety may be part of a phthalocyanine or anthra-
cence moiety). The second and fourth sites may be provided
by carbon atoms attached to the same or different aromatic
moieties.

The bridging compound may comprise fifth and optionally
sixth sites vulnerable to nucleophilic attack. If the bridging
compound comprises fifth and sixth sites vulnerable to
nucleophilic attack, the fifth and sixth sites may be provided
by carbon atoms of the same or different aromatic moieties.
The fifth and sixth sites may be provided by adjacent atoms of
an aromatic moiety. The provision of a third pair of sites
which is vulnerable to nucleophilic attack facilitates the for-
mation of branched and cross-linked polymers. The fifth and
sixth sites may be provided by an aromatic six membered
carbon ring moiety, which may optionally be provided with
further substituents or may form part of a larger aromatic
system (for example, the six membered carbon ring moiety
may be part of a phthalocyanine or anthracene moiety).

The bridging compound may comprise fifth and optionally
sixth sites vulnerable to nucleophilic attack, each of which
may be provided by carbon atoms which are attached directly
by a single covalent bond to an aromatic six membered car-
bon ring moiety, (preferably attached to adjacent atoms of an
aromatic six membered ring moiety). The fifth and sixth sites
may be provided by carbon atoms attached to the same or
different aromatic moieties, one (or both of which, if two
aromatic moieties are present) may optionally be further sub-
stituted or may form part of a larger aromatic ring system (for
example, the six membered carbon ring moiety may be part of
a phthalocyanine or anthracence moiety).

Those skilled in the art will realise that the first monomer
and the bridging compound should be brought into contact
with each other in conditions under which nucleophilic sub-
stitution may take place (for example, in a solution of potas-
sium carbonate at 60° C. for 48 hours).

The method may comprise providing a second monomer,
the second monomer being different from the first monomer
and comprising first and second nucleophilic groups. The use
of'a second monomer facilitates the formation of heteropoly-
mers.

The method may comprise contacting the second monomer
with the first monomer and the bridging compound.

Whilst the second monomer may be structurally different
from the first monomer, the second monomer may have the
same general features of the first monomer as described
above.

The second monomer may comprise third and optionally
fourth nucleophilic groups.

The first and second (and third and fourth, if present)
nucleophilic groups provided on the second monomer may be
the same or different.

If the second monomer comprises a third nucleophilic
group, it is further preferred that the first and third nucleo-
philic groups are provided on the same aromatic moiety and
are preferably provided on adjacent carbon atoms, preferably
on adjacent carbon atoms of an aromatic six membered car-
bon ring moiety, which may optionally be further substituted
or may or may form part of a larger aromatic ring system (for
example, the six membered carbon ring moiety may be part of
a phthalocyanine or anthracence moiety).

If the second monomer comprises a fourth nucleophilic
group, it is further preferred that the second and fourth
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nucleophilic groups are provided on the same aromatic moi-
ety and are preferably provided on adjacent carbon atoms,
preferably on adjacent carbon atoms of an aromatic six mem-
bered carbon ring moiety, which may optionally be further
substituted or may or may form part of a larger aromatic ring
system (for example, the six membered carbon ring moiety
may be part of a phthalocyanine or anthracence moiety).

The second monomer may comprise a bicyclic diamine
group. Alternatively and preferably the second monomer
does not comprise a bicyclic diamine group.

It is preferred that the second monomer comprises a non-
planar ring structure, such as a bicycloalkane (for example,
bicyclooctane) or a point of contortion, such as that provided
by a spiro group.

The method may comprise forming a polymer comprising
multiple bicyclic diamine moieties and subsequently forming
therefrom a polymer comprising multiple quaternary ammo-
nium cations. This may be achieved by forming quaternary
ammonium groups from the amine groups of the polymer.
This may typically be achieved, for example, by reacting the
polymeric bicyclic diamine with an alkyl halide (such as
methyl iodide or dimethyl sulfate).

The formation of the quaternary ammonium cation groups
may also form cross-links in the polymer. The may be
achieved, for example, by reacting the polymeric bicyclic
diamine with an alkyl dihalide, such as 1,6-dibromohexane or
a,o-dibromo-p-xylene.

The method may comprise forming a polymer comprising
quaternary ammonium cations with a first counter-anion and
exchanging said first counter-anion for a second counter-
anion. For example, it may be convenient to form the polymer
with a bromide counter-anion, and then to perform anion
exchange to introduce a different counter-anion to the poly-
mer.

The average degree of polymerisation may be 10 or more,
optionally 15 or more, preferably 20 or more and more pref-
erably 50 or more.

In accordance with a second aspect of the present inven-
tion, there is provided a polymer producible using the method
of' the first aspect of the present invention.

In accordance with a third aspect of the present invention,
there is provided a polymer comprising a first repeat unit
comprising a bicyclic diamine moiety or a quaternary ammo-
nium cation derivative thereof, the first repeat unit comprising
the bicyclic diamine moiety (or quaternary ammonium cation
derivative thereof) being bonded to a second repeat unit and a
third repeat unit, the second and third repeat unit being the
same as, or different from, the first repeat unit.

The polymer of the third aspect of the present invention is
preferably a non-network polymer. It is preferred that the
polymer ofthe third aspect of the present invention comprises
a linear or ring polymer.

The first repeat unit may be bonded to the second repeat
unit by a single bond (which may be a single, double or triple
covalent bond).

The first repeat unit may be bonded to the third repeat unit
by a single bond (which may be a single, double or triple
covalent bond).

In this case, it is preferred that the polymer does not com-
prise any further e.g. fourth repeat units. For example, it is
preferred that the polymer comprises a first repeat unit
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attached to a second repeat unit and a third repeat unit, but not
attached to any further repeat unit. The presence of a further
repeat unit is indicative of the ability of the polymer to cross-
link, which may be undesirable.

The first repeat unit may be bonded by two covalent bonds
to each of the second repeat unit and the third repeat unit.

In this case, for the avoidance of uncertainty, it is hereby
stated that two bonds between the first repeat unit and the
second repeat unit indicates that there is a bond between a first
pair of atoms and a bond between a second pair of atoms (the
second pair being different from the first pair). Two bonds
between the first repeat unit and the second repeat unit does
not include a double bond between a single pair of atoms.

Likewise, for the avoidance of uncertainty, it is hereby
stated that two bonds between the first repeat unit and the
third repeat unit indicates that there is a bond between a first
pair of atoms and a bond between a second pair of atoms (the
second pair being different from the first pair). Two bonds
between the first repeat unit and the third repeat unit does not
include a double bond between a single pair of atoms.

The second and third units may be the same as the first unit.

One or both of the second and third units may be different
from the first repeat unit.

The polymer may be a heteropolymer or ahomopolymer. If
the polymer is a heteropolymer, it may be a block heteropoly-
mer, a random heteropolymer or an alternating heteropoly-
mer.

The first repeat unit may be bonded to a fourth repeat unit
which may be the same or different from the first, second or
third repeat unit. The first repeat unit may be bonded by two
covalent bonds to the fourth repeat unit.

The polymer may comprise at least 30% by mole of the first
repeat unit (or the first repeat unit and one or more of the
second repeat unit, the third repeat unit and fourth repeat unit
(if present), if the one or more of the second repeat unit, the
third repeat unit and the fourth repeat unit (if present) are the
same as the first repeat unit).

The polymer may comprise at least 40% by mole of the first
repeat unit (or the first repeat unit and one or more of the
second repeat unit, the third repeat unit and fourth repeat unit
(if present), if the one or more of the second repeat unit, the
third repeat unit and the fourth repeat unit (if present) are the
same as the first repeat unit).

The polymer may comprise at least 50% by mole of the first
repeat unit (or the first repeat unit and one or more of the
second repeat unit, the third repeat unit and fourth repeat unit
(if present), if the one or more of the second repeat unit, the
third repeat unit and fourth repeat unit (if present) are the
same as the first repeat unit).

The polymer may comprise at least 60% by mole of the first
repeat unit (or the first repeat unit and one or more of the
second repeat unit, the third repeat unit and the fourth repeat
unit (if present), if the one or more of the second repeat unit,
the third repeat unit and the fourth repeat unit (if present) are
the same as the first repeat unit).

The polymer may comprise at least 70% by mole of the first
repeat unit (or the first repeat unit and one or more of the
second repeat unit, the third repeat unit and the fourth repeat
unit (if present), if the one or more of the second repeat unit,
the third repeat unit and the fourth repeat unit (if present) are
the same as the first repeat unit).
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The polymer may be linear, branched, cross-linked or
cyclic.

The first repeat unit may comprise a moiety of general
structure 4

Structure 4

N

A

X

Y

S
Lo
~

Or its stereoisomer.

Or the quaternary ammonium cation derivative of Struc-
ture 4 or its stereoisomer.

Wherein A and B indicate the bonding points to a first
aromatic moiety and wherein X and Y indicate the bonding
points to a second aromatic moiety.

Said first aromatic moiety and said second preferably com-
prise an aromatic six membered carbon ring.

The first repeat unit may be of general structure 5:

Structure 5
X
) Nﬁﬁ
j@i/N X
X
Or its stereoisomer.
Or the quaternary ammonium cation derivative of Struc-
ture 5 or its stereoisomer,
Which may be substituted or unsubstituted, and wherein
each X is independently selected from O, S, NH and NR
where R is alkyl or aryl.

If different from the first repeat unit, the second, third or
fourth repeat unit (if present) may be of general structure 6:

Structure 6

ooy

Which may be substituted or unsubstituted, and wherein
each X is independently selected from O, S, NH and NR
where R is alkyl.

If one or more of the second, third and fourth (if present)
repeat units is different from the first repeat unit, said repeat
unit (which is different from the first repeat unit) may com-
prise a non-planar ring structure, such as a bicycloalkane (for
example, bicyclooctane) or a point of contortion, such as that
provided by a spiro group.

In accordance with the fourth aspect of the present inven-
tion, there is provided a microporous material, comprising a
polymer in accordance with the second or third aspects of the
present invention.

For the avoidance of doubt, it is hereby stated that
microporous material refers to a material possessing an inter-



US 9,212,261 B2

9

connect system of voids of diameter less than 2 nm as defined
by the International Union of Pure and Applied Chemistry.
Such microporosity can be demonstrated by a high apparent
surface area (e.g. greater than 150 m” g™!) as determined by
application of the BET model (or similar analysis) to low-
pressure nitrogen or carbon dioxide adsorption data obtained
at 77 K.

In accordance with a fifth aspect of the present invention,
there is provided a separation membrane for separating first
and second components, the separation membrane compris-
ing a polymer in accordance with the second or third aspects
of the present invention.

The separation membrane may be suitable for the separa-
tion of gases (e.g. CO, from CH,, CO, form H,, CO, fromN,,
O, from N, etc.) or the purification of water.

In accordance with a sixth aspect of the present invention,
there is provided an adsorbent material comprising a polymer
in accordance with the second or third aspects of the present
invention. The adsorbent material may be suitable for the
adsorption of gases such as hydrogen, methane or carbon
dioxide or toxic or odorous compounds or metal cations or
metal nanoparticles. The adsorption of the gases or toxic or
odours gases may be enhanced by the prior incorporation of
the metal cations. The adsorbent material may be for use in
gas separation, for example, in pressure or vacuum swing
adsorption.

In accordance with a seventh aspect of the present inven-
tion, there is provided an optical sensor comprising a polymer
in accordance with the second or third aspects of the present
invention. Such an optical sensor is described in US2007/
0140907 to Rakow et al. For example, the polymer of the
second and third aspects of the present invention may be
included in the active layers of a sensor.

In accordance with an eighth aspect of the present inven-
tion, there is provided a proton exchange membrane compris-
ing a polymer in accordance with the second or third aspects
of the present invention. Such a proton exchange membrane
may be incorporated into a fuel cell.

In accordance with a ninth aspect of the present invention,
there is provided a method of making a catalyst, the method
comprising:

(1) Providing a metal having catalytic activity; and

(ii) Contacting the metal with a polymer in accordance

with the second or third aspects of the present invention.

In accordance with a tenth aspect of the present invention,
there is provided a catalyst comprising a polymer in accor-
dance with the second or third aspects of the present invention
and a catalytic metal ligated to said polymer.

In accordance with an eleventh aspect of the present inven-
tion, there is provided a catalytic material comprising a nega-
tively charged catalyst and a polymer in accordance with the
second or third aspects of the present invention.

In accordance with an twelfth aspect of the present inven-
tion, there is provided an ion exchange resin comprising a
polymer in accordance with the second or third aspects of the
present invention.

In accordance with a thirteenth aspect of the present inven-
tion, there is provided a chiral substrate for the separation of
enantiomers, the chiral substrate comprising a polymer in
accordance with the second or third aspects of the present
invention. In order to produce a chiral polymer, the polymer
would be produced using one of the two stereoisomers of the
monomer.

In accordance with a fourteenth aspect of the present inven-
tion, there is provided an anion exchange membrane, the
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anion exchange membrane comprising a polymer in accor-
dance with the second or third aspects of the present inven-
tion.

The invention will now be described by way of example
only.

EXAMPLE 1

A monomer comprising a bicyclic diamine structure and
four nucleophilic groups may be prepared as indicated in
reaction scheme 1. A catechol derivative 1 (Sigma Aldrich,
UK) is mixed with paraformaldehyde under acidic conditions
(paraformaldehyde, trifluoroacetic acid, room temperature,
24 hours) to form monomer 2. The monomer 2 may be dem-
ethylated (BBr; in CH,Cl, for four hours) to produce mono-
mer 3 (2,3,8,9-tetrahydroxy-6H,12H-5,11-methanodibenzo
[1,5]-diazocine). Those skilled in the art will realise that both
stereoisomers of compounds 2 and 3 will be formed in the
reaction mixture.

Reaction Scheme 1
MeO
:©\ i
—
MeO NH,
1
OMe
MeO N/t©[ )
W ii
 ——
j@/N OMe
MeO
2

HO

OH
N

)

OH
HO

Monomer 3 may then be reacted with 2,3,5,6-tetratluoro-
terephthalonitrile as shown in Reaction Scheme 2 to form a
polymer 4 in accordance with the present invention.

Reaction Scheme 2
OH
N
W .
N OH
HO

3

CN
F F
i
F F
CN
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2,3,8,9-Tetrahydroxy-6H,12H-5,11-methanodibenzo[ 1,
5]-diazocine (1.000 g, 3.49 mmol) and 2,3,5,6-tetrafluorot-
erephthalonitrile (698 mg, 3.49 mmol, Sigma Aldrich, UK)
were added to a two-necked round bottom flask, under inert
atmosphere, in dry dimethylformamide (25 mL). The mixture
was heated to 65° C., until the two starting materials were
completely dissolved, then dry potassium carbonate (3.85 g,
27.92 mmol, 8 equivalents) was added and the mixture kept
stirred for 96 h.

The solution was quenched with water (80 mL), filtrated
and washed repeatedly with water and acetone then filtered
and dried under high vacuum to give a yellow solid (1.13 g,
80% based on the molecular weight of the repeated unit).
BET surface area—570 m*/g; total pore volume=0.35 cm>/g at
(P/Py) 0.98, adsorption; TGA analysis (nitrogen): 5% loss of

OH F
HO. N
W .
N OH F
HO
3
O
O N
P w
\\O N (0]

weight occurred at ~380° C. Initial weight loss due to thermal
degradation commences at ~440° C. Those skilled in the art
will realise that polymer 4 will comprise both stereoisomers
of the bicyclo diamine group.

EXAMPLE 2

The general principle of Example 1 may be used to make
heteropolymers. For example, monomer 3 may be reacted
with 2,3,5,6-tetrafluoroterephthalonitrile in the presence of
spiro monomer 5 as shown in Reaction Scheme 3 to produce
polymer 6 in accordance with the present invention.

10

CN

60

12
2,3,8,9-Tetrahydroxy-6H,12H-5,11-methanodibenzol 1,
5]-diazocine (400 mg, 1.397 mmol), 3,3,3',3'-tetramethyl-2,
2' 3 3'-tetrahydro-1,1'-spirobi[indene]-5,5',6,6'-tetraol (476
mg, 1.397 mmol, Sigma Aldrich, UK), 2,3,5,6-tetrafluorot-
erephthalonitrile (559 mg, 2.794 mmol) were added to a
two-necked round bottom flask, under inert atmosphere, in
dry dimethylformamide (25 mL). The mixture was heated to
65° C., until the two starting materials were completely dis-
solved, then dry potassium carbonate (3.08 g, 22.35 mmol, 8
equivalents) was added and the mixture stirred for 96 h. The
reaction mixture was quenched with water (60 mL), and the
resulting precipitate filtrated and washed repeatedly with
water and acetone. The solid was dissolved in THF (15 mL),
filtered through cotton wool, poured into a flask containing a
mixture of acetone/methanol (2/1, 40 ml). The product was
collected by filtration and was dried under high vacuum over-
night to give the final product as yellow solid (85% yield). "H
NMR (400 MHz; CDCl5) § 6.82 (br m, 4H), 6.61 (br s, 2H),
6.42 (brs, 2H), 4.56 (brs,2H), 4.24 (brs, 2H), 4.01 (brs, 2H),
2.35(brs,2H),2.17 (brs, 2H), 1.34 (br m, 12H); BET surface
area=633 m?/g; total pore volume=0.42 cm®/g at (P/P,) 0.98,
adsorption; TGA analysis (nitrogen): 5% loss of weight
occurred at ~380° C. Initial weight loss due to thermal deg-
radation commences at ~450° C. Those skilled in the art will
realise that polymer 6 will comprise both stereoisomers of the

bicyclo diamine group.

Reaction Scheme 3

CN
F O
) 1
+ —_—
on
F 1O
L, )
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5
/O\
’ CN
N A A O oy
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_ L~
0 od
L —y
CN
6
EXAMPLE 3

A monomer comprising a bicyclic diamine structure and
two nucleophilic groups may be prepared as indicated in
reaction scheme 4. A dinitro derivative of 5,11-methanod-
ibenzo[1,5]-diazocine catechol is made by mixing nitro-
aniline with paraformaldehyde under acidic conditions
(paraformaldehyde, trifluoroacetic acid, room temperature,
24 hours) to form monomer 7. The monomer 7 may be
reduced to produce monomer 8. The synthesis of monomer 8
was disclosed by Kiehne et al., (Org. Lett. 2007, 9, 1283).
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Reaction Scheme 4
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Monomer 8 may then be reacted with bisanhydride 9 as
shown in Reaction Scheme 5 to form a polymer in accordance
with the present invention.

Reactin Scheme 5

0
NH,

10

25

SogRs oI,

14

The reaction is carried out in a round bottom flask,
equipped with Dean-Stark apparatus under nitrogen atmo-
sphere. The monomer 9 (641.7 mg, 1.54 mmol) is dissolved in
ethanol (EtOH) (9.6 ml) and triethylamine (0.78 ml) and
refluxed for 1 hto form ester-acid precursor. Then the excess
of'solvents is distilled to give a high viscous liquid. Monomer
8 (431.9 mg, 1.54 mmol) is dissolved in NMP/o-dichloroben-
zene (0-DCB) mixture (2 ml, NMP/o-DCB=4:1) and added to
ester-acid precursor. A container with monomer 8 is rinsed
with NMP/o-DCB (3 ml). The reaction is kept under vigorous
stirring for 0.5 h at 20° C. and then temperature is raised
gradually to 200° C. After 24 h the reaction is cooled to 20° C.
and 5 ml of CHCl, is added to dilute the reaction mixture. The
resulting solution is poured slowly into EtOH (150 ml) to
precipitate desirable polymer 12. The precipitated solid is
filtered off to give a pale-yellow powder. Polymer 10 is repre-
cipitated from chloroform into EtOH and dried under reduced
pressure at 120° C. for 10 h (yield 870 mg, 81% after the
second precipitation). *"H NMR (400 MHz; CDCl,) 8 ppm:
7.76 (brs,2H, Ar), 7.30 (br s, 2H, Ar), 7.07 (brs, 2H, Ar), 6.82
(brs, 2H, Ar), 4.67-4.64 (br d, 2H, N—CH,), 4.31 (br s, 2H,
N—CH,), 4.09-4.05 (brd, 2H,N—CH,), 2.54-2.34 (br m, 4H
CH,, 6H CH,), 1.48-1.42 (br m, 12H, CH,); IR (NaCl,
CH,Cly/em™): 1774.7 (asym C=0), 1713.9 (sym C=0),
1388.0 (C—N), 748.2 (imide ring deformation); Molecular
mass: (GPC, eluent —CHCI,, against polystyrene standards:
M,,=46600, PDI=2.08. BET surface area=590.93 m?/g; total
pore volume=0.73 cm?/g at (P/P,) 0.98, adsorption; TGA
analysis (nitrogen): Initial weight loss due to thermal degra-
dation commences at ~490° C.

N
H)N o 0
6]}
8
__< ;\:<N 0
— O —

10

Bisanhydride 9 was prepared from 3,3,3'3',5,5',6,6'-hex-
amethyl-1,1'-spirobisindane, itself prepared by the modifica-
tion of the procedure described by Warr et al. in Inorganic
Chemistry 2008, 47, 9351, by oxidation using an aqueous
solution of potassium permanganate, followed by dehydra-
tion of the resulting tetra-carboxylic acid by refluxing in
acetic anhydride.

60

65

EXAMPLE 4

Monomer 8 described in Example 3 might be reacted with
commercially available hexafluoroisopropylidene bisph-
thalic dianhydride (6-FDA) comonomer 13 (Aldrich) as
shown in Reaction Scheme 6 to form a polymer 14 in accor-
dance with the present invention.
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The reaction is carried out in a round bottom flask,
equipped with Dean-Stark apparatus under nitrogen atmo-
sphere. The co-monomer 13 (604.8 mg, 1.35 mmol) is dis-
solved in ethanol (EtOH) (10 ml) and triethylamine (0.8 ml)
and refluxed for 1 h to form ester-acid precursor. Then the
excess of solvents is distilled to give a high viscous liquid.
The comonomer 8 (381.2 mg, 1.35 mmol) is dissolved in
NMP/o-dichlorobenzene (o-DCB) mixture (2 ml, NMP/o-
DCB=4:1) and added to ester-acid precursor. A container
with co-monomer 8 is rinsed with NMP/o-DCB (3 ml). The
reaction is kept under vigorous stirring for 0.5 h at 20° C. and
then temperature is raised gradually to 200° C. After 24 h the
reaction is cooled to 20° C. and 5 ml of CHCI, is added to
dilute the reaction mixture. The resulting solution is poured
slowly into EtOH (150 ml) to precipitate desirable polymer
14. The precipitated solid is filtered off to give a pale-yellow
powder. Polymer 14 is reprecipitated from CHCl; into EtOH
and dried under reduced pressure at 120° C. for 10h (720 mg,
74% yield after the second precipitation). "H NMR (400
MHz; CDCl,) § ppm: 8.02-8.00 (br m, 2H, Ar), 7.90-7.84 (br
m, 4H, Ar), 7.09 (br s, 2H, Ar), 6.84 (br s, 2H, Ar), 4.69-4.65
(br d, 2H, N—CH,,), 4.33 (br s, 2H, N—CH,), 4.11-4.06 (br
d, 2H, N—CH,), 2.45 (br s, 6H, CH,); IR (NaCl, CH,Cl,/
cm™h): 1774.7 (asym C=0), 1713.9 (sym C=0), 1388.0
(C—N), 748.2 (imide ring deformation); BET surface
area=44 m?*/g; total pore volume=0.19 cm®/g at (P/P,) 0.98,
adsorption; TGA analysis (nitrogen): initial weight loss due
to thermal degradation commences at ~500° C.

EXAMPLE 5

A monomer comprising a bicyclic diamine structure and
two nucleophilic groups 3,9-diamino-4,10-dimethyl-6H,
12H-5,11-methanodibenzo[ 1,5]-diazocine may be prepared
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CF3

13

as indicated in reaction scheme 7. A dinitro derivative of
5,11-methanodibenzo[1,5]-diazocine catechol is made by
mixing nitro-aniline with paraformaldehyde under acidic
conditions (paraformaldehyde, trifluoroacetic acid, 20° C.,
24 h) to form precursor 15, which may be reduced to produce
monomer 16. The synthesis of monomer 16 is disclosed by
Kiehne et al., (Org. Lett. 2007, 9, 1283)

Reaction Scheme 7
O,N NH, (CH,Omn
—_—
TFA
ON N LHNNH,
—_—
Ni Raney
N NO,
15
HoN I\L
N NH,
16
Monomer 16 may then be reacted with co-monomer 9
described in Example 2 as shown in Reaction Scheme 8 to

form a desirable polymer 17 in accordance with the present
invention.
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Reaction Scheme 8
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The reaction is carried out in a round bottom flask,
equipped with Dean-Stark apparatus under nitrogen atmo-
sphere. The monomer 9 (742.0 mg, 1.78 mmol) is dissolved in
ethanol (EtOH) (12 ml) and triethylamine (1 ml) and refluxed
for 1 hto form ester-acid precursor. Then the excess of solvent
is distilled to give a highly viscous liquid. The comonomer 16
(500.0 mg, 1.78 mmol) is dissolved in NMP/o-dichloroben-
zene (0-DCB) mixture (3 ml, NMP/o-DCB=4:1) and added to
ester-acid precursor. A container with comonomer 16 is
rinsed with NMP/o-DCB (4 ml). The reaction is kept under
vigorous stirring for 0.5 h at 20° C. and then the temperature
is raised gradually to 200° C. After 24 h the reaction is cooled
to 20° C. and 5 ml of CHCI, is added to dilute the reaction
mixture. The resulting solution is poured slowly into EtOH
(150 ml) to precipitate polymer 17. The precipitated solid is
filtered off to give a pale-yellow powder. Polymer 17 is repre-
cipitated from chloroform into EtOH and dried under reduced
pressure at 120° C. for 10 h (yield 873 mg, 74% after the
second precipitation). 'H NMR (400 MHz; CDCl,) 6 (ppm)
7.80 (brs,2H, Ar), 7.30 (br s, 2H, Ar), 6.91 (brs, 4H, Ar), 4.65
(br m, 2H, N—CH,), 4.32 (br s, 2H, N—CH,), 4.06 (br m,
2H, N—CH,), 2.45 (br m, 4H, CH,), 2.23 (br s, 6H, CH,)
1.48 (br m, 12H, CH,); IR (NaCl, CH,Cl,/em™): 1774.0
(asym C=0), 1715.0 (sym C=0), 1383.6 (C—N), 732.8
(imide ring deformation); Molecular mass: (GPC, eluent
—CHCI,;, against polystyrene standards: M, =2600; BET
surface area=395 m*/g; total pore volume=0.59 cm®/g at
(P/Py) 0.98, adsorption; TGA analysis (nitrogen): initial
weight loss due to thermal degradation commences at ~435°
C.

EXAMPLE 6

Monomer 16 described in Example 5 may be reacted with
co-monomer 13 (Example 4) as shown in Reaction Scheme 9
to form a desirable polymer 18 in accordance with the present
invention.

10

15

30

35

40

45

50

55

60

65

18

Reaction Scheme 9

N NH,

g *
H,N N
16
o F;C  CFj o
> O O g
) O
13
/_N o) F3C CF3 O
N
) 9]
18

The reaction is carried out in a round bottom flask,
equipped with Dean-Stark apparatus under nitrogen atmo-
sphere. The co-monomer 13 (323.5 mg, 1.16 mmol) is dis-
solved in ethanol (EtOH) (8 ml) and triethylamine (0.6 ml)
and refluxed for 1 h to form ester-acid precursor. Then the
excess of solvents is distilled to give a high viscous liquid.
The comonomer 16 (323.5 mg, 1.16 mmol) is dissolved in
NMP/o-dichlorobenzene (o-DCB) mixture (2 ml, NMP/o-
DCB=4:1) and added to ester-acid precursor. A container
with comonomer 16 is rinsed with NMP/o-DCB (3 ml). The
reaction is kept under vigorous stirring for 0.5 h at 20° C. and
then temperature is raised gradually to 200° C. After 24 h the
reaction is cooled to 20° C. and 5 ml of CHCI, is added to
dilute the reaction mixture. The resulting solution is poured
slowly into EtOH (150 ml) to precipitate desirable polymer
18. The precipitated solid is filtered off to give a pale-yellow
powder. Polymer 18 is reprecipitated from chloroform into
EtOH and dried under reduced pressure at 120° C. for 10 h
(vield 668 mg, 80% after the second precipitation). 'H NMR
(400 MHz; CDCl,) d (ppm) 8.05-7.93 (br m, 6H, Ar), 7.26-
6.94 (br m, 4H, Ar), 4.70-4.66 (br m, 2H, N—CH,), 4.35
(br s, 2H, N—CH,), 4.11-4.06 (br m, 2H, N—CH,), 2.28
(br s, 6H, CH;); IR (NaCl, (CH,Cl,/em™): 1785.2 (asym
C—0), 1723.7 (sym C—0), 1382.3 (C—N), 731.0 (imide
ring deformation); Molecular mass: (GPC, eluent —CHCl,,
against polystyrene standards: M, =16000, PDI=2.5; BET
surface area=259 m*/g; total pore volume=0.36 cm®/g at
(P/Py) 0.98 adsorption; TGA analysis (nitrogen): initial
weight loss due to thermal degradation commences at ~455°
C.

EXAMPLE 7

A polymer comprising bicyclic diamine moieties can be
modified by quaternisation of an amine group to form the
ammonium cation. For example, the addition of dimethyl
sulphate solution to the bicyclic diamine polymer 4 causes the
formation of a ammonium cation with a halide counter-anion
to give bicyclic diamine polymer 19. It is then possible to
exchange the counter-anion as desired.
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Reaction Scheme 10
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The polymer derived from 2,3,8,9-tetrahydroxy-6H,12H-
5,11-methanodibenzo[1,5]-diazocine (500 mg, 1.22 mmol)
was placed acetonitrile (10 mL) and dimethyl sulfate (1.54 g,
12.2 mmol) was added to the reaction mixture, which was left
to stir at 20° C. for 24 h. The reaction was quenched with
water, the resulting precipitate was collected under suction
and washed with water to afford the desired polymer as a grey
powder (475 mg, 92% based on the repeated unit). 'H NMR
(400 MHz; DMSO-d6) 8 6.97 (brs, 2H), 6.85 (br s, 2H), 4.50
(br m, 6H), 2.89 (br s, 3H); TGA analysis (nitrogen): 13.80%
loss of weight occurred at ~235° C., further loss due to ther-
mal degradation commences at ~370° C.

Further examples of bridging groups which may be used
instead of 2,3,5,6-tetrafluoroterephthalonitrile are shown
below:

As can be seen, such bridging compounds comprise at least
two pairs of leaving groups (a first pair and a second pair),
each leaving group of a first pair being located on adjacent
carbon atoms and each leaving group of a second pair being
located on adjacent carbon atoms.

Referring to Example 2 above, further examples of co-
monomers which may be used in lieu of the spiro compound
to make a polymer in accordance with the polymer of the
present invention are shown below:

OH

HO, I
R
R
OH
R =H, Methyl or Alkyl chains

HO.

HO
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-continued

R
HO
Ly
HO R
OH

R =H, Methyl or Alkyl chains

OH
OH
HO
HO
OH
OH
Referring to Example 3 above, further examples of co-
monomers which may be used in lieu of the spiro compound

to make a polymer in accordance with the polymer of the
present invention are shown below:

(€]
O, O
OO
(6] (6]
O, O
O,
(6] (0]
(6] O
6]

Where, in the foregoing description, integers or elements
are mentioned which have known, obvious or foreseeable
equivalents, then such equivalents are herein incorporated as
if individually set forth. Reference should be made to the
claims for determining the true scope of the present invention,
which should be construed so as to encompass any such
equivalents. It will also be appreciated by the reader that
integers or features of the invention that are described as
preferable, advantageous, convenient or the like are optional
and do not limit the scope of the independent claims.
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The invention claimed is:
1. A method for the manufacture of a polymer, the method

comprising:

Providing a first monomer, the first monomer comprising a
bicyclic diamine moiety, a first nucleophilic group pro-
vided on a carbon atom of an aromatic moiety, and a
second nucleophilic group provided on a carbon atom of
an aromatic moiety;

Providing a bridging compound comprising at least two
sites vulnerable to nucleophilic attack; and

Contacting the first monomer with the bridging compound.

2. A method according to claim 1 wherein

the first and second nucleophilic groups are the same, or
wherein the first and second nucleophilic groups are
different.

3. A method according to claim 1 wherein

the first and second nucleophilic groups are individually
selected from the list consisting of —OH, —SH and
—NH, or anions made from these groups by deprotona-
tion.

a boiling point between approximately 10-40° C.

4. A method according to claim 1 wherein

the first monomer is provided with no further nucleophilic
groups capable of forming bonds with the sites of the
bridging compounds which are vulnerable to nucleo-
philic attack, and wherein the bridging compound com-
prises only two sites vulnerable to nucleophilic attack by
the first and second nucleophilic groups provided on the
first monomer.

5. A method according to claim 1,

the first monomer being provided with a third nucleophilic
group provided on a carbon atom of an aromatic moiety,
and a fourth nucleophilic group provided on a carbon
atom of an aromatic moiety.

6. A method according to claim 5 wherein

the first and third nucleophilic groups are attached to adja-
cent carbon atoms of an aromatic six membered carbon
ring.

7. A method according to claim 5 wherein

the second and fourth nucleophilic groups are provided on
the same aromatic moiety, said aromatic moiety being
different from the aromatic moiety provided with the
first and third nucleophilic groups.

8. A method according to claim 7 wherein

the second and fourth nucleophilic groups are attached to
adjacent carbon atoms of an aromatic six membered
carbon ring.

9. A method according to claim 1 wherein

the bicyclic diamine moiety comprises a nine membered
bicyclic structure.

10. A method according to claim 1 wherein the first mono-

mer comprises the structure shown below:

Structure 1
N

b

N

or its stereoisomer,

which may be substituted or unsubstituted, wherein the
first nucleophilic group is provided on one of the aro-
matic moieties of Structure 1 and the second nucleo-
philic group is provided on the other of the aromatic
moieties of Structure 1.
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11. A method according to claim 1 wherein the first mono-

mer comprises the structure shown below:

. ) ) \/\Nu Structure 2

or its stereoisomer,

which may be substituted or unsubstituted, wherein Nuis a
nucleophilic group.

12. A method according to claim 1 wherein

the first and second sites vulnerable to nucleophilic attack
are provided by the same aromatic moiety, or are pro-
vided by carbon atoms, each of which is directly
attached by a single covalent bond to the same aromatic
moiety, wherein the aromatic moiety is an aromatic six
membered carbon ring moiety, which may optionally be
further substituted or may form part of a larger aromatic
ring system.

13. A method according to claim 1 wherein

the first and second sites vulnerable to nucleophilic attack
are provided by different aromatic moieties, or by car-
bon atoms, each of which is directly attached by a single
covalent bond to different aromatic moieties, wherein
either or both of the different aromatic moieties are
aromatic six membered carbon ring moieties which may
optionally be further substituted or may form part of a
larger aromatic ring system.

14. A method according to claim 1, wherein

the first monomer comprises third and fourth sites vulner-
able to nucleophilic attack, the first and third sites being
provided by the same aromatic moiety or by carbon
atoms, each of which is directly attached by a single
covalent bond to the same aromatic moiety, wherein the
first and third sites are provided by adjacent carbon
atoms of an aromatic moiety or by carbon atoms, each of
which is attached to adjacent carbon atoms of the aro-
matic moiety by a single covalent bond.

15. A method according to claim 14 wherein

the first monomer comprises third and fourth sites vulner-
able to nucleophilic attack, the second and fourth sites
being provided by the same aromatic moiety, or by car-
bon atoms, each of which is attached directly by a single
covalent bond to an aromatic six membered carbon ring
moiety, and wherein the second and fourth sites are
provided by adjacent carbon atoms of an aromatic moi-
ety, or by carbon atoms, each of which is attached
directly by a single covalent bond to adjacent carbon
atoms of an aromatic moiety.

16. A method according to claim 1 comprising

providing a second monomer, the second monomer being
different from the first monomer and comprising first
and second nucleophilic groups, the method comprising
contacting the second monomer with the first monomer
and the bridging compound.

17. A polymer producible using the method of claim 1.

18. A method of making a catalyst, the method comprising:

(1) Providing a method having catalytic activity; and

(i1) Contacting the method with a polymer in accordance
with claim 17.



